ABSTRACT: Availability of immature embryos as explants to establish wheat (Triticum aestivum L.) by tissue culture can be limited by climatic factors and the lack of high quality embryos frequently hampers experimentation. This study evaluates the effects of rainfall, various temperature-based variables and sunshine duration on tissue culture response (TCR) traits including callus formation (CF), regenerating calli (RC), and number of plants per embryo (PPE) for 96 wheat genotypes of worldwide origin. The objectives of this study were to evaluate the significance of a particular climatic factor on TCR traits and to determine the period of wheat growth during which these factors were the most effective. The genotypes were grown in an experimental field during three seasons differing in meteorological conditions. The relationships between TCR traits and climatic factors within three time periods of wheat growth: 2, 6 and 10 weeks prior to embryo sampling were analysed by biplot analysis. The tissue culture traits were influenced at very different degrees by climatic factors: from 16.8% (RC) to 69.8% (CF). Donor plant environment with high temperatures and low rainfalls reduced (p < 0.05) the tissue culture performance of wheat genotypes. Callus formation was most sensitive to the temperature based factors. The environmental conditions between flowering and the medium milk stage were the most important for CF, while RC and PPE were not particularly related to any period. Key words: Triticum aestivum L., biplot, correlation analysis, environment variable, growth period
Introduction
A lot of attention in wheat (Triticum aestivum L.) improvement programs is given to a combination of biotechnological techniques and conventional methods. The successful application of many biotechnological techniques depends on callus formation and shoot regeneration capacity.
Although immature embryos are widely recognised as the most suitable explants to regenerate wheat plants (Bohorova et al., 1995; Kintzios et al., 1996; Li et al., 2003; Haliloglu et al., 2005) , environmental conditions influencing the physiological status of field grown donor plants from which embryos were collected could be a limiting factor of their quality (Carman et al., 1988; Carman, 1995) . Embryogenic competence of immature Sci. Agric. (Piracicaba, Braz.), v.67, n.3, p.295-300, May/June 2010 wheat embryos is lower when donor plants are exposed to some kind of stress (biotic or abiotic). The donor plant growth in a drought season, as compared to favourable growing seasons, resulted in an increased variability and a decreased percentage of the callus formation and regenerating calli and the number of plants regenerated per embryo (Mitić et al., 2009) . Dodig et al. (2008) reported all that significant associations between agronomic traits, considered as predictors of good in vitro plant regeneration, and tissue culture traits were responsive to the environment. There were several attempts to replace immature embryos with other explant sources (Özgen et al., 1998; Delporte et al., 2001; Sharma et al., 2005) . However, calli derived from alternative explants displayed a lower regeneration potential than those obtained from immature embryos, which are still explants of choice for establishing high regenerative wheat tissue. In order to circumvent the limited availability influenced by a genotype and growing season restrictions, more frequent experiments on relationships between these factors are necessary.
The previously published analysis of the same set of 96 genotypes revealed that that the impact of donor plant growing conditions on tissue culture response (TCR) traits can be as large as the effect of the genotype (Mitić et al., 2009) . In an attempt to increase knowledge in this subject, the objectives of this study were: (i) to evaluate which of the climatic environmental factors (rainfall, various temperature-based variables and sunshine duration) significantly influence tissue culture response of immature embryos of wheat and (ii) to determine the period of wheat growth during which these factors were the most effective.
Material and Methods
Plant materials: ninety-six wheat genotypes of worldwide origin, including cultivars, lines and landraces, were evaluated for their response to in vitro culture. These genotypes were chosen from the core collection of the Institute of Field and Vegetable Crops in Novi Sad, Serbia, on the basis of contrasting expression for one or other of 26 traits of agronomic importance such as earliness, plant height, tillering capacity, grain yield etc. (Kobiljski et al., 2002) . In general, a high level of phenotypic variation was accumulated for CF, RC and PPE among analysed wheat genotypes (Mitić et al., 2009 Tissue culture conditions: tissue culture was carried out from immature embryos isolated from immature seeds collected 13-15 days after anthesis from spikes on primary tillers and stored in the refrigerator at 4ºC for 24 h. Immature seeds were disinfected by successive immersions into 70% ethanol for 1 min, 20% commercial NaOCl bleach solution (8% active chlorine) with a few drops of the fungicide Captan (30 min), and rinsed four times with sterile water. After disinfection, the immature embryos were removed aseptically from the seeds and placed with the scutellum side up on 20-mL solid nutrient medium in 9-cm Petri dishes (30 per dish in two replicates per genotype per year). The culture medium contained MS (Murashige and Skoog, 1962) Tissue culture traits: the percentage of the callus formation (CF) was scored three weeks after the embryos were plated, the percentage of regenerating calli (RC) was calculated after six weeks of culture when the calli were transferred on a growth regulator-free medium, and the average number of plants per regenerating embryo (PPE) was measured after six weeks of culturing on the growth regulator-free medium and calculated as a mean number of plants per regenerating callus.
Environmental variables: data retrieved from the nearest meteorological station (distance up to 500 m) were used to derive the meteorological (temperature, rainfall and sunshine) variables for each of the years in which donor plants were grown. The following periods were used for each of the climatic variables: i) two weeks before the date of immature seed collecting (Zadoks scale from around 65 to 75, Zadoks et al., 1974) ; ii) six weeks before the date of immature seed collecting (Zadoks scale from around 35 to 75); iii) 10 weeks before the date of immature seed collecting (Zadoks scale from around 20 to 75). These periods were chosen to embody all stages of the wheat development from tillering to grain filling. Table 1 provides a description of the 15 variables assessed in this study. Table 2 provides the detailed data on tissue culture traits and environmental variables for each year.
Statistical analysis: to correct for non-normality, all statistical analyses were performed on arcsin transformed values of CF and RC. The analysis of variance (ANOVA) for a randomised complete block design with combined data from the three years was performed. The least significant difference (LSD) test (Yan, 2002) . The biplot is constructed by plotting PC1 against PC2 scores for years and traits. In addition, vectors were drawn from the origin of the biplot to each year and trait to visualise relationships among them. The coefficient of correlation between any two traits and/ or years is approximated by the cosine of the angle between their vectors (e.g., r = cos180° = -1, cos0° = 1, and cos90° = 0). The same was done for year × factor tables in each particular year.
Results and Discussion
The main effects of genotype, year and their interaction were all significant at the p < 0.01 for CF, RC and PPE. The relative magnitudes of the sources of variation, however, vary greatly, as indicated by the variance components as a percentage of the total variation. The main effect of year explained 69.8% of the total sum of squares for CF while a genotype main effect dominated A trait × environment biplot based on mean values in each of the years was used to visualise similarities/ dissimilarities among tissue culture traits in response to the environment (Figure 1 ). All tissue culture traits were negatively influenced by environmental conditions in the first year (2003), as evidenced by the obtuse angles between their vectors (the rays connecting the traits to the biplot origin) and the vector of this year. This year was characterized by a higher value of the temperature based parameters than the other two years for the all three periods (Table 2) (Table 2 ). This is in agreement with Hess and Carman (1998) To relate the climatic variables to the tissue culture traits in each year, environment × factor biplots based on data in Table 2 are presented in Figure 2 . The biplots were based on the first two principal components derived from subjecting the standardised environmental factors-by-trait table. In the biplots, a vector is drawn from the biplot origin to each marker of the factors to facilitate visualisation of the relationships between and among the tissue culture traits and climatic variables. The biplot for each of the three years explained 69 to 78% of the total variation of the two-way table.
Each year was characterised by strong positive associations between PPE and RC. The regeneration capacity and CF were negatively related in 2003 and 2005, while there was no obvious association in 2004. The environment × factor biplot for 2003 (Figure 2a) shows that the 15 climatic factors fell into three relatively independent groups: SH2, SH6, SH10, maxT2, maxT6, maxT10, minT2, minT6, minT10, and varT2 constitute one group with positive associations among them. The second group of positively associated traits consists of RF6, RF10 and varT10. This group had high and positive correlations with RC and PPE. In the third group, varT6 and RF2 can be assorted, as these factors only showed positive correlations with CF. All other climatic factors, except varT10 and SH6, had a more or less negative influence on CF. On the other hand, RC and PPE were negatively related only to varT6, SH6 and maxT6. It seems that CF was more sensitive to warm and dry environmental conditions than RC and PPE. In such a season, any rainfall starting from early stages of donor plants vegetative growth (from tillering onward) will improve RC and PPE. On the other hand the highest contribution of rainfall to the CF performance was in period 1, from flowering to the medium milk stage, when air temperatures were the highest (Table 2) . Drought and heat stress may influence competence by modifying endogenous hormone and energy levels in explants and in the tissues that give rise to them (Carman, 1995) . Jiménez and Bangerth (2001) reported that embryogenic callus had higher concentrations of endogenous free indoleacetic acid (IAA), in comparison to the concentrations found in nonembryogenic callus.
The environment × factor biplot for 2004 (Figure 2b ) also revealed three distinct (non-overlapping clusters) groups of the 15 climatic factors. One group consists of SH6, SH10, maxT2, maxT6, maxT10, minT2, minT6 and minT10 with positive associations among them and nega- tive relationships with all tissue culture traits. This group was more or less independent of other two groups. Mean daily temperature variations in all periods and SH2 make up another group of positively associated traits. This group had a positive impact on RC and PPE. The third group consists of RF2, RF6 and RF10 with positive associations among them and negative relationships with the second group of traits. In 2004, all tissue culture traits were negatively influenced by minimum and maximum air temperatures in all periods, as well as with SH6 and SH10. Rainfall, particularly during two weeks before the date of collecting immature seeds (RF2), had a positive impact on CF. RC and PPE were positively associated with daily temperature variation in all periods. Interestingly, in contrast to the previous year, RC and PPE were negatively related to rainfall in all periods. This is probably because the higher rainfall in 2004 caused lower temperatures and a shorter sunshine period (Table 2) . A particularly negative correlation between rainfall and sunshine duration was observed from flowering to the medium milk stage (Figure 2b ). For barley, the regeneration from embryo-derived callus of greenhouse-grown donor plants was more dependent on the average solar radiation than on temperature (Dahleen, 1999) . In 2005, there was no obvious clustering of climatic factors on the biplot (Figure 2c) . In contrast to the previous two years, rainfall had neither positive nor negative effects on tissue culture traits. Also, minimum and maximum temperatures showed positive effects, while in previous two years their impacts on CF, RC and PPE were mainly negative. The reason for this may be because 2005 was the coolest year, particularly in the period from flowering to the medium milk stage (Table  2) . It may be possible to increase competence of immature wheat embryos for plant regeneration by growing donor plants under cool conditions, which appears to delay the accumulation of endogenous hormone levels in kernels (Hess and Carman, 1998) . The callus formation was positively influenced by varT10, minT6, maxT10, minT10, as well as SH10. The regeneration capacity also had a positive correlation with the temperature based factors (varT6, maxT2, minT2, varT2) and the sunshine duration (SH2 and SH6). For barley, a sufficient regeneration from greenhouse-grown donor plants was obtained when temperatures were moderate and natural light levels were high (Dahleen, 1999) . Factors positively correlated to CF and regenerative potential were mainly effective during ten and two weeks prior to sampling of embryos, respectively.
In general, there was no consistency in associations between the climatic factors and/or periods with tissue culture performance for wheat. These relationships varied over years. For example, if donor plants were grown under warm and dry conditions, rainfall would contribute positively to both CF (two weeks prior to sampling of embryos) and regenerative potential (six and ten weeks prior to sampling of embryos). In cooler and wet- ter seasons rainfall was mainly neutral or even negatively correlated to tissue culture traits. Nevertheless, in each year, maxT2, minT2 and SH2 were negatively correlated with CF. This implies in the fact that CF was highly sensitive to high temperatures between flowering and the medium milk stage. On the other hand, maxT2 and minT2 had positive effects on RC and PPE in the coolest year (2005) but neutral or slightly negative effects in the other two years. Moderate temperatures during two weeks prior to sampling appeared to be highly effective for the callus induction and the regeneration potential of immature embryos of wheat. The environmental conditions during the donor plant growth may play an important role in the tissue culture response of wheat. Donor plants grown under a warm and dry environment resulted in a significantly reduced callus induction and regeneration potential. Components of variance and the correlation analysis between tissue culture traits and climatic factors revealed that CF was more influenced by climatic factors than RC and PPE. Rainfall effects on tissue culture traits depends on the season and varies from positive in dry and warm conditions to negative in cooler seasons. The callus induction rate was more sensitive to temperature based factors than the regeneration capacity. It seems that weather conditions between flowering and the medium milk stage were the most important for CF, while RC and PPE were not particularly related to climatic factors in any period. This conclusion needs to be tested under more environment types in the future.
